zation of sodium appetite: evidence for sustained molecular changes in the lamina terminalis. Am J Physiol Regul Integr Comp Physiol 307: R1405-R1412, 2014. First published November 5, 2014 doi:10.1152/ajpregu.00210.2014.-Animals with a history of sodium depletions exhibit increases in salt intake, a phenomenon described as the sensitization of sodium appetite. Using a novel experimental design, the present experiments investigated whether putative molecular markers of neural plasticity and changes in the message for components of the brain renin-angiotensin-aldosterone-system (RAAS) accompany the sensitization of sodium appetite. An initial set of experiments examined whether the glutamatergic N-methyl-Daspartate receptor antagonist MK-801 would attenuate sodium appetite sensitization and prevent changes in mRNA expression associated with sensitization. Rats with repeated sodium depletions exhibited enhanced sodium appetite and mRNA expression for components of the RAAS in areas along the lamina terminalis (LT), a region of the brain that is important for the regulation of body fluid homeostasis, and these effects were significantly attenuated by MK-801 pretreatment. A second set of experiments investigated whether successive sodium depletions would elevate sodium intake and induce a pattern of fos-B staining consistent with the ⌬fos-B isoform in areas along the LT. The pattern of fos-B staining in the subfornical organ was consistent with the characteristics of ⌬fos-B expression. Specifically, fos-B/⌬fos-B expression was increased 4 days after the last of a series of sodium depletions, fos-B/⌬fos-B expression was nearly absent in control rats, and the quantity of fos-B/⌬fos-B staining was directly associated with a history of sodium depletions. These findings demonstrate that the sensitization of sodium appetite is associated with sustained molecular alterations in the LT that are indicative of neural plasticity and upregulation of the central RAAS. salt appetite; sensitization; neural plasticity; sodium; ⌬fos-B WHEN OMNIVORES AND HERBIVORES become sodium-deficient, they exhibit sodium appetite, which entails seeking and ingesting salty substances. Sodium appetite is commonly assessed by measuring intakes of hypertonic saline solutions (1.5-3.0% wt/vol NaCl) in rats. The expression of sodium appetite is mediated through the actions of the peptide ANG II and the steroid aldosterone. ANG II and aldosterone act as hormones synthesized in the periphery [i.e., the circulating renin-angiotensin-aldosterone-system (RAAS)] and also as neurotransmitters/neuromodulators generated within the central nervous system (i.e., the central RAAS; see Refs. 11, 12, 15, and 20) . Forebrain nuclei, including the subfornical organ (SFO), organum vasculosum of the lamina terminalis, and median preoptic nucleus, are located along the lamina terminalis (LT) and are critical for maintaining body fluid homeostasis; collectively, they monitor and process information related to circulating ANG II, aldosterone, and plasma osmolality (25, 26). Structures of the LT also house components of the central RAAS, including the synthetic enzymes and precursors of ANG II and aldosterone, as well as receptors for both the steroid and peptide (24, 25, 41) . When rats are repeatedly depleted of sodium, they display elevated sodium intake (10, 14, 22, 39, 43) . Rats exhibit progressive (3, 39, 44) or rapid (19, 22, 43) increases in sodium intake after one to three episodes of sodium deficiency depending on the depletion protocol employed. This increase in salt intake operationally defines sodium appetite sensitization.
num vasculosum of the lamina terminalis, and median preoptic nucleus, are located along the lamina terminalis (LT) and are critical for maintaining body fluid homeostasis; collectively, they monitor and process information related to circulating ANG II, aldosterone, and plasma osmolality (25, 26) . Structures of the LT also house components of the central RAAS, including the synthetic enzymes and precursors of ANG II and aldosterone, as well as receptors for both the steroid and peptide (24, 25, 41) . When rats are repeatedly depleted of sodium, they display elevated sodium intake (10, 14, 22, 39, 43) . Rats exhibit progressive (3, 39, 44) or rapid (19, 22, 43) increases in sodium intake after one to three episodes of sodium deficiency depending on the depletion protocol employed. This increase in salt intake operationally defines sodium appetite sensitization.
Previous studies have demonstrated that the development of sodium appetite sensitization is dependent on ANG II, aldosterone, and N-methyl-D-aspartate receptor (NMDAR) signaling in the central nervous system. Antagonism of ANG II type 1 receptors (AT 1 R) (39) or blockade of ANG II synthesis concurrent with central mineralocorticoid receptor (MR) antagonism (43) prevents the sensitization of sodium appetite. Administration of central ANG II along with systemic aldosterone induces sensitization (43) . Additionally, blockade of NMDARs prior to sodium depletion prevents sensitization of sodium appetite (22) . It is likely that sodium depletion induces neuroplasticity in the central nervous system through the coordinated actions of ANG II, aldosterone, and glutamate, which are responsible for the elevation of sodium intake. Such plasticity has been related to long-lasting changes in gene transcription and mRNA translation, neuronal structure, receptor expression, among many other alterations in neural or glial molecular biology and function (37, 54, 58) .
Many sodium depletion protocols require a long latency between the induction of sodium loss and the actual expression of sodium appetite (generally between 8 h to several days) (23) . Coadministration of the diuretic furosemide along with the antihypertensive drug captopril (furo/cap) causes an extracellular dehydration concomitant with a slight drop in blood pressure (31, 50) . These effects result in a rapid onset of thirst and sodium appetite with a latency of ϳ1 h (17, 31, 50) . Rats repeatedly treated with furo/cap reliably exhibit sensitization of sodium appetite when the order of water and sodium access is controlled by the experimenter (22) . Specifically, when water is offered for 90 min before sodium access (the water-first/ sodium-second iteration of the furo/cap protocol) rats exhibit a progressive increase in sodium intake over successive furo/cap treatments. It is currently unclear as to whether NMDAR antagonism affects the progressive increase in sodium intake observed in this protocol.
One goal of the present study was to extend previous findings on the effect of NMDAR blockade on the sensitization of sodium appetite in the water-first/sodium-second iteration of the furo/cap protocol. A second aim was to examine changes in the expression of molecular components indicative of sustained alterations in activity of the central RAAS and putative markers of neural plasticity in the LT. In an initial experiment, we tested whether NMDAR antagonism would attenuate the sensitization of sodium appetite and whether repeated sodium depletions would result in an NMDAR-dependent increase in mRNA expression for components of the RAAS and a MRrelated molecular marker of plasticity, serum-and glucocorticoid-induced kinase (SGK), in the LT. In a second set of experiments, it was hypothesized that sodium depletion would induce a pattern of fos-B expression in areas along the LT that would be consistent with the characteristics of the ⌬fos-B isoform, which is associated with neural plasticity (38) . Consistent with our hypotheses, repeated sodium depletions induced increased expression of molecular markers related to both the brain RAAS and neural plasticity that correlated with sodium intake. Such changes lasted for several days after sodium depletion, and NMDAR antagonism prevented many of them. These findings lend further support to the hypothesis that neural plasticity within the LT contributes to the sensitization of sodium appetite.
MATERIALS AND METHODS

Subjects.
All experiments were conducted in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals (36) and were approved by The University of Iowa Animal Care and Use Committee. Male Sprague-Dawley rats (Harlan Teklad, Indianapolis, IN) weighing between 275 and 300 g upon arrival were used as subjects. Rats were maintained on a 12:12-h light-dark cycle and housed in translucent (28.5 ϫ 28.5 ϫ 17.5 cm) or wire mesh suspended (24 ϫ 17.2 ϫ 17.0 cm) cages in a temperatureand humidity-controlled room. Unless noted otherwise, the animals had ad libitum access to filtered tap water, 1.8% wt/vol hypertonic saline (1.8% NaCl), and NIH-31-irradiated modified open formula mouse/rat diet. Rats had at least 3 days of ad libitum 1.8% NaCl access prior to experimentation. The studies used 1.8% NaCl intake to assess sodium appetite and the consumption of deionized water to assess thirst.
Extracellular dehydration protocol. Extracellular dehydration was induced by subcutaneous injection of furosemide (10 mg/kg; Hospirca Lake Forest, IL) along with the antihypertensive drug captopril (5 mg/kg; Sigma Aldrich, St. Louis, MO), which results in a slight drop in blood pressure (ϳ10 mmHg) (31, 50) . Water was offered immediately after furo/cap treatment and 90 min later 1.8% NaCl access was added.
Effect of MK-801 on sodium appetite sensitization and mRNA expression in the LT. We previously found that administration of the NMDAR antagonist MK-801 prevented sodium appetite sensitization in the furo/cap model when sodium access was offered prior to water (22) . One purpose of our studies was to extend the generalizability of this finding by using a water-first/sodium-second protocol. Rats (n ϭ 12 in the vehicle group and 13 in the MK-801 group) were pretreated with vehicle (95% saline, 5% DMSO) or MK-801 (0.15 mg/kg) 20 min prior to receiving furo/cap treatment. Immediately after furo/cap treatment, they were allowed access to water for 90 min, and intakes were recorded. At the end of the 90-min water access period, sodium access was allowed, and fluid intakes were recorded for an additional 90 min. Rats were treated 3 times with this protocol with each treatment separated by 4 days.
Separate groups of rats were used to investigate whether repeated sodium depletions induce changes in mRNA expression in the LT. Three experimental groups (n ϭ 4) were employed: a vehicle-pretreated and sham-depleted group, a vehicle pretreated and furo/capdepleted group, and an MK-801 (0.15 mg/kg) pretreated and furo/cap depleted group. Each group received vehicle or MK-801 20 min prior to furo/cap or sham depletion. Rats received a total of 3 furo/cap or sham treatments each separated by 4 days. Five days after the treatments, rats were euthanized by decapitation, the LT was dissected by hand, and mRNA expression for AT1R, angiotensin type 2 receptors (AT2R), angiotensin-converting enzyme (ACE) 1 and 2, MR, and SGK was measured using real-time RT-PCR.
RT-PCR was performed as described previously (56, 57) . Briefly, mRNA was isolated using TRIzol (Invitrogen). mRNA transcription was accomplished using random hexamers under the manufacturer's instructions (Applied Biosystems, Foster City, CA). Primers are listed in Table 1 . cDNA amplification was performed by a C1000 thermocycler system (Bio-Rad). mRNA levels were normalized to GAPDH levels and calculated using the ⌬⌬Ct method. Each assay was run in triplicate to ensure reliability. Results are expressed as relative fold change compared with sham-depleted rats.
Effect of repeated sodium depletions on sensitization of sodium appetite and fos-B/⌬fos-B expression in the LT.
To examine the effect of furo/cap on the sensitization of sodium appetite, three groups of rats were used (n ϭ 11). One group of rats received four sham depletions, a second received three sham depletions prior to a single furo/cap depletion, and a third received 4 furo/cap depletions. Rats were treated with a depletion or sham depletion every 4 days, and fluid access was offered in accordance with the water-first/sodium-second experimental protocol. Water and 1.8% NaCl intakes were recorded on the 4th depletion or sham depletion. Immediately following furo/cap treatment, water was offered for 90 min, and then sodium access was allowed. During the 4th depletion, intakes of water and sodium were recorded for 180 min at 90-min intervals.
A subset of rats (n ϭ 4) were killed 4 days after the last depletion or sham depletion and perfused transcardially with PBS followed by 4% paraformaldehyde (PFA). To control for variability in staining efficiency, all cycles of tissue collection and staining were performed in cohorts, such that an equal number of sham, single, and repeatedly depleted animals were run in parallel. Brains were postfixed for 4 -6 h in 4% PFA and then transferred to vials containing 20% sucrose menter blind to the treatment conditions using ImageJ (NIH, version 1.46r).
Statistics. All results were analyzed using SigmaPlot build 12.0.0.182 (Systat Software, Chicago, IL). Statistical significance was set at P Ͻ 0.05. In studies examining the effect of MK-801 on sensitization, the difference in sodium intake between the first and third depletion was used as the dependent variable, and these data were analyzed with Student's t-test. Depletion, fos-B, and RT-PCR data were analyzed using a one-way ANOVA, and when a significant main effect was observed, Newman-Keul's post hoc tests were employed to probe group differences.
RESULTS
Effect of MK-801 on sodium appetite sensitization and mRNA expression in the LT. MK-801 pretreatment significantly attenuated sensitization of sodium appetite, such that the increase in total salt intake between the first and third depletions was reduced in the MK-801-pretreated group t(23) ϭ 2.336; P Ͻ 0.05 (Fig. 1) . No differences in salt intake during the first depletion were observed between vehicle and MK-801-pretreated rats t(23) ϭ 0.265; P ϭ 0.79. No effects of MK-801 on water intake were observed (data not shown). Analyses revealed a main effect of treatment on mRNA expression for AT 1 R F(2,9) ϭ 4.938; P Ͻ 0.05, MR F(2,9) ϭ 8.372; P Ͻ 0.01, and SGK F(2,9) ϭ 5.056; P Ͻ 0.05. No treatment effects were observed in mRNA expression for AT 2 R F(2,9) ϭ 1.179; P ϭ 0.35, ACE1 F(2,9) ϭ 2.037; P ϭ 0.18, and ACE2 F(2,9) ϭ 2.458; P ϭ 0.14. mRNA data are displayed in Fig. 2 . Compared with sham-treated animals, repeated furo/cap treatments elevated mRNA expression for AT 1 R, MR, and SGK. MK-801 treatment prevented these changes, such that mRNA expression for AT 1 R, MR, and SGK did not increase over sham-treated values.
Effect of repeated sodium depletions on sensitization of sodium appetite and fos-B/⌬fos-B expression in the LT.
Analyses revealed a main effect of depletion number, F(2,30) ϭ 23.819; P Ͻ 0.001, in which rats with a history of sodium depletions exhibited greater salt intake than rats with a single depletion, and both groups of depleted rats exhibited greater salt intake than sham-depleted rats (Fig. 3A) . A main effect of depletion number on water intake was also found F(2,30) ϭ 7.576; P Ͻ 0.005. Sodium-depleted rats exhibited greater water intake compared with sham-treated rats (Fig. 3B) , but no significant differences were observed between rats that received a single sodium depletion or repeated sodium depletions. A main effect of depletion number on total fluid intake was observed F(2,30) ϭ 14.683; P Ͻ 0.001. Rats that received extracellular dehydration exhibited greater total fluid intake, but there were no differences between rats that received a single depletion or repeated depletions (Fig. 3C) . Finally, a greater proportion of total fluid intake consisted of sodium intake in rats with a history of sodium depletions compared with rats receiving a single depletion t(20) ϭ 3.354; P Ͻ 0.005 (Fig. 3D) .
A survey of brains for immunohistochemical evidence of increased protein levels indicated that the SFO was the only region in the brain that exhibited consistent differences in fos-B/⌬fos-B expression across treatments. Therefore, all fos-B/⌬fos-B analyses were performed on the SFO. These analyses revealed a main effect of depletion number on fos-B/⌬fos-B expression F(2,9) ϭ 12.4; P Ͻ 0.005. Post hoc tests identified that sham-depleted rats exhibited very low levels of fos-B/ ⌬fos-B staining, rats with a single depletion exhibited significantly increased fos-B/⌬fos-B expression than seen in shamdepleted rats, and animals with a history of four depletions A: rats with a history of sodium depletions display greater 1.8% NaCl intake than rats with a single depletion. A and B: depleted rats drank more 1.8% NaCl and water than sham-treated rats. C: combined water and sodium intake was elevated in single and repeatedly depleted rats compared with sham-depleted rats. D: a greater proportion of total fluid intake consisted of sodium intake in repeatedly depleted rats compared with rats with a single depletion. *P Ͻ 0.05 vs. sham. #P Ͻ 0.05 vs. single depleted rats.
exhibited greater levels of fos-B/⌬fos-B than sham-and singledepleted rats (Figs. 4 and 5 ).
DISCUSSION
The primary findings from the present experiments are that 1) MK-801 pretreatment attenuated the sensitization of sodium appetite in the water-first/sodium-second protocol, 2) sodium appetite sensitization is associated with maintained elevation of mRNA expression of key components of the brain RAAS in the LT region, and 3) salt preference during sodium depletion is associated with a sustained elevation of fos-B/⌬fos-B in the SFO. A list of the molecular markers investigated in the present study and their significance is presented in Table 2 .
The behavioral results from these experiments are consistent with prior reports of enhanced salt appetite as a function of episodic sodium depletions (14, 22, 43, 44) . It was found that when using the water-first/sodium-second protocol, rats with a history of sodium depletions drank more 1.8% NaCl than rats with a single depletion, and they drank a greater proportion of sodium relative to water. Importantly, pretreatment with 0.15 mg/kg MK-801 attenuated sensitization of sodium appetite in this protocol but did not influence salt intake on the first depletion. The observed attenuation in sodium appetite is consistent with the idea that sensitization of sodium appetite is dependent on signaling involving NMDARs, which are critical for the initiation of many forms of neural plasticity (7) .
Rats with a history of furo/cap treatments displayed elevated message for components of the central RAAS. Specifically, AT 1 R and MR mRNA were upregulated 5 days after the last sodium depletion. Importantly, this effect was blocked by MK-801 pretreatment. To our knowledge, this is the first evidence that sodium depletions can have long-lasting NMDAR-dependent effects on the central RAAS. Others have found that treatments that affect ANG II or MR levels can have long-lasting effects on the central expression of ANG II receptors (6, 45) and administration of exogenous deoxycorticosterone acetate, aldosterone, or ANG II elevates angiotensin receptor expression in the diencephalon (27, 52, 53, 55) . In the present study, no significant differences were observed in components of the RAAS that have been found to serve counterregulatory functions, such as ACE2 or AT 2 R expression (4, 5) .
SGK mRNA was increased after sodium depletion and NMDAR antagonism prevented this increase. SGK is a MRdependent kinase (35, 46) that has been linked to neural plasticity (28, 49, 51) . Rats transfected with a dominant negative isoform of SGK in the hippocampus display impaired expression of hippocampal long-term potentiation, fear conditioning, novel object recognition, and spatial recognition (28, 29, 51) . It is possible that SGK expression is increased after sodium depletion due to aldosterone action at the MR and that SGK may play an important role in shaping neural plasticity within components of the LT to sensitize sodium intake.
Expression of fos-B/⌬fos-B staining in the SFO was directly associated with salt preference. Rats with a history of sodium depletions exhibited a greater preference for sodium relative to water in addition to total sodium intake. Rats with a history of sodium depletion also exhibited greater fos-B/⌬fos-B expression relative to rats that were sodium-depleted for the first time. fos-B is an immediate early gene that is expressed during neuronal activity (37, 38) . ⌬fos-B is an isoform of fos-B. ⌬fos-B lacks the catalytic domain present in fos-B, which results in it remaining elevated for weeks after induction (37, 38) . As such, ⌬fos-B expression follows a characteristic pattern. Baseline expression of ⌬fos-B is nearly absent in brain nuclei. However, in response to treatments associated with the induction of neural plasticity (e.g., repeated stress and administration of addictive drugs) ⌬fos-B is expressed and remains elevated for weeks, and it accumulates over repeated treatments (37, 38) in the present study follows the characteristics of the ⌬fos-B isoform. A near-complete absence of staining was observed in sham-depleted rats, whereas rats that had experienced a single depletion exhibited a moderate amount of staining, and a greater amount of staining was observed in rats depleted repeatedly. Therefore, it is likely that sodium depletion induced increased expression of ⌬fos-B in the SFO and that ⌬fos-B accumulated over the course of repeated depletions. It is possible that the expression of fos-B/⌬fos-B observed after sodium depletion was due to the ingestion of sodium (i.e., expressed due to associative learning). This seems to be unlikely, as previous studies have suggested that the sensitization of sodium appetite is a nonassociative phenomenon (13) . Rats will exhibit increased salt intake, even when salt is replenished through means independent of ingestion (13) . It is also unlikely that the expression of fos-B/⌬fos-B was due to a possible change in circulating ANG II or aldosterone caused by sodium depletion as repeated sodium depletions do not appear to change circulating levels of either hormone (44) .
The present experiments have potential limitations that need to be acknowledged. The fos-B/⌬fos-B and mRNA data are correlative in nature, and the functional significance of these changes remains to be tested. mRNA was collected from the entirety of the LT, and we cannot pinpoint an exact structure or set of structures, where these molecular changes may be occurring. Functional studies employing viral vectors could be used to elevate or eliminate AT 1 R or MR receptors in key brain areas in the LT to provide insight into the importance of receptor expression and the sensitization of sodium appetite. Additionally, there are dominant-negative forms of SGK and ⌬fos-B that allow for the possibility of testing the functional importance of both of these molecules in sodium appetite sensitization.
Together, the present findings indicate that a history of sodium depletions elevates sodium intake in addition to inducing a long-lasting elevation of molecular markers related to neural plasticity (SGK and a pattern of staining that appears to be ⌬fos-B) and those related to the central RAAS (AT 1 R and MR). Sensitization of sodium appetite and enhanced expression of AT 1 R, MR, and SGK mRNA were dependent on intact NMDA receptor signaling. On the basis of this and previous findings, it is possible that the coordinated actions of glutamate (22) , ANG II (3, 56) , and aldosterone (11, 18, 43, 55, 57) produce long-lasting changes in neural structures containing components of the RAAS. The amount of fos-B/⌬fos-B staining in the SFO was associated with sodium depletion history and may contribute to sodium appetite sensitization. Additional evidence implicates the SFO in sensitization of sodium appetite as the immediate early gene c-fos is elevated in the SFO in sodium-deficient rats with a history of depletion relative to rats with no prior history of sodium depletion (34) . Some of the molecular changes observed in the current findings have been shown to promote glutamatergic AMPA receptor insertion, which is critically involved in producing long-term potentiation (30) . Specifically, SGK induces surface expression of AMPA receptors (49) , and ⌬fos-B has been linked to neural plasticity with respect to drugs of abuse (it aids in the insertion of GluA2-containing AMPA receptors into the neuronal membrane) (37, 38, 40) . These findings add to a growing body of evidence that supports the occurrence of neural plasticity in body fluid homeostasis neurocircuitry (22, 34, 42, 56) , and they provide insight into important molecular changes that are likely to drive sensitization of sodium appetite.
Perspectives and Significance
ANG II and aldosterone impinge upon or are released in central nervous system areas involved in body fluid homeostasis to initiate long-lasting neuroplastic changes that cause an animal to seek out and ingest greater quantities of sodium. This is an example of allostasis, or the change in operating levels of physiological endpoints produced by repeated or sustained physiological or environmental challenges to homeostasis (23, 33, 48) . Many animals experience threats to sodium homeostasis, including surviving in environments bereft of sodium, sickness that evokes emesis and diarrhea, excess sweating, pregnancy, and trauma-induced hemorrhage. To help restore and protect sodium balance, it is in all likelihood adaptive for physiological systems to undergo plasticity that results in enhanced sodium intake. This provides a buffer against future loss, increases the likelihood that a sodium-replete animal will consume sodium and learn the location of sodium in the environment, and allows an animal to replenish more quickly depleted sodium stores and restore extracellular volume (16, 23, 44) . However, when animals are in environments with a surplus of sodium, such as humans in Western societies, the increased drive to seek out and ingest sodium may have negative health consequences for some individuals (1, 2, 8, 9, 21, 23, 47) . Sodium appetite sensitization and the excess sodium intake associated with sodium appetite sensitization are examples of allostasis and allostatic load, respectively (32, 33) . In other words, the experience of sodium depletion heightens the sensitivity or activity of neural systems involved in maintaining body fluid homeostasis, and this increases the chance of Angiotensin converting enzyme type 2-A converting enzyme that appears to promote effects opposite of ACE1 by deactivating ANG II and converting ANG I into ANG 1-9 (4) AT1R
Angiotensin type 1 receptor-The primary receptor that mediates the actions of ANG II on water and sodium intake and vasoconstriction AT2R
Angiotensin type 2 receptor-Receptor for ANG II that may serve counter-regulatory functions MR Mineralocorticoid receptor-Receptor for aldosterone that promotes sodium intake, vasoconstriction, and sodium retention SGK Serum-and glucuocorticoid-induced kinase-Second messenger induced by mineralocorticoid receptor activation that appears to be involved in some forms of neural plasticity (29) fos-B An immediate early gene that is upregulated after neurons become activated ⌬fos-B
A truncated isoform of fos-B that lacks the catalytic moeity, allowing it to remain elevated for weeks after induction. ⌬fos-B appears to be involved in some forms of neural plasticity (37, 40) developing pathologies, such as hypertension. Preclinical work aiming to understand the biological mechanisms mediating excess sodium intake may result in treatments that help ameliorate excess salt intake in Western societies.
